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Preface

This document contains the proceedings of the NASA Electrical Actuation

Technology Bridging (ELA-TB) Workshop held in Huntsville, Alabama, September 29

- October 1, 1992. The workshop was sponsored by NASA Office of Space Systems

Development, and Marshall Space Flight Center (MSFC). The workshop addressed

key technologies bridging the entire field of electrical actuation including systems

methodology, control electronics, power source systems, reliability, maintainability,

and vehicle health management with special emphasis on thrust vector control ( TVC )

applications on NASA launch vehicles. Speakers were drawn primarily from industry

with participation from universities and government. In addition, prototype hardware

demonstrations were held at the MSFC Propulsion Laboratory each afternoon. Splinter

sessions held on the f'mal day afforded participants the opportunity to discuss key issues

and to provide overall recommendations. All presentations are included in this

document.

The workshop organizers express their appreciation to the session chairmen,

speakers, and participants, whose efforts contributed to the technical excellence of the

workshop.
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Executive Summary
of the

Electrical Actuation --Technology Bridging Workshop

The 1992 Electrical Actuation (ELA) - Technology Bridging Workshop was held
at the Radisson Suite Hotel in Huntsville, Alabama, September 29 through
October 1,1992. This workshop was sponsored by NASA Headquarters Code DD
and hosted by the Component Development Division of The Propulsion
Laboratory at the Marshall Space Flight Center. The workshop addressed key
technology issues in the field of electromechanical actuation including system
design, control electronics, power source systems, vehicle health monitoring,
reliability, and maintainability, with special emphasis on thrust vector control
(TVC) applications on NASA launch vehicles. In addition, the workshop
provided the opportunity for discussion of near-term power source
developments and ELA system requirements between the ELA systems and the
power source communities.

Approximately 150 individuals from both Government and Industry participated
in the workshop. Attendance is listed starting on page 742. The final
workshop agenda is listed starting on page xi.

One of the more productive outputs from the workshop resulted from the splinter
sessions. These sessions afforded participants the opportunity to discuss
key issues and to provide overall recommendations. Most frequently
emphasized was the need for detailed requirements for actuator, power source,
and control electronics. These requirements are essential to perform detailed
system trade studies in order to meet the critical element of a hot fire test on the
SSME Technology Test Bed (TTB). A listing of suggested topics provided to each
splinter session group, along with a summary output from each group, is
provided starting on page 1.

.Hardware demonstrations were held at the MSFC Propulsion Laboratory each
afternoon of the workshop. Basic performance criteria were demonstrated by the
following:

- Boeing/Allied Signal EHA TVC Prototype
- Honeywell Prototype Redundant TVC and Health Management
- LeRC/GDSS Induction Motor Prototype TVC
- MSFC Prototype TVC Actuator
- Boeing Turbo-Alternator
- Moog Prototype TVC Actuator
- MSFC and Textron SSME Propellant Control Valve Actuator



The GHe turbo-alternator was developed by Boeing and Allied Signal under the
JPO-ADP Program. The primary objective for this program was to demonstrate a
helium driven turbo-alternator suitable for powering electrically driven thrust
vector control actuators. The hardware consisted of a single stage axial impulse
turbine directly driving a 50 kW two-pole toothless permanent magnet alternator.
The power conversion and control scheme used was a 3-phase rectified bridge
and speed control loop for adjusting alternator output. The electrical power quality
objective for this equipment was a modified version of MIL-STD-704 desired to
minimize corona effects during launch vehicle operation. The upper transient
value of 2730 was imposed for that reason and a nominal bus voltage of 220
volts was selected. The GHe turbo-alternator was demonstrated successfully
under a multitude of no load and full load conditions and is currently completing

tests at Allied Signal's AI Research Division.

The electromechanical actuator (EMA) developed under contract by HR Textron
is to replace the hydraulic Main Oxidizer Valve (MOV) on the Space Shuttle Main
Engine (SSME). The unit was delivered to MSFC one week prior to the
workshop; as result, no test data was presented other than acceptance test
performed at HR Textron. The plans for this EMA for the next year or year and
one-half encompass characterization tests, vibration, shock, EMI, EMC, flow
tests, Flight Simulation Laboratory (FSL) tests. The summation of these tests
assure that the EMA meets the requirements imposed on the hydraulic MOV
actuator and qualifies it to go to Technology Test Bed for an engine hot fire test.

A table of TVC prototype hardware comparisons is found on page xvii, along with
color photocopies of the demonstrated hardware.

The general consensus of the workshop was that ELA technology has been
demonstrated to be feasible for SSME/STME class TVC systems, as shown by
the performance capabilities of the workshop prototype hardware. However, an
overall strategy towards transferring this technology to a flight program, along
with the development of several key tools, is still undefined. Specific
requirements must also be provided in order to focus the ELA program.
Recommendations were made to hold a power source Technical Interchange

Meeting (TIM) within 6 months at Kennedy Space Center. The next El_,&
workshop was recommended to be held no sooner than 12 months from now,
focusing on full-power TVC/ELA demonstrations with redundancy management
capabilities.

Proceedings from the 1992 ELA Technology Bridging Workshop are being
distributed, along with a video summary of the prototype hardware
demonstrations. The successful completion of this workshop represents a major
milestone in the development of ELA systems for TVC applications. The support
of NASA Headquarters/Code DD in achieving this success is gratefully
acknowledged.

I_REC_;:D_I' _'=G_. '-_., " ._!Jk_L_._3
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SESSION 1. ELA SYSTEMS

October 1, 1992

Question 1. Yes, ELA has demonstrated technology readiness and has established

feasibility. Note: The whole group agreed with this.

Question 2. The critical element of the ELA Bridging program is the hot fire test.

This is not the only thing but it is essential if we are to sell this technology to a

program manager.

Question 4. NASA has to focus in on a target and provide system requirements. This

is a must for evaluating various system fairly.

Question 5. Industry can not continue to support this kind of effort very long without a

program to aim toward. Money is tight.

Question 6. Have to do system studies to drive out system requirements.

Question 7. TIM - Yes, where or when?
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SESSION Ih ELA CONTROL ELECTRONICS

October 1, 1992

Question 1. Feasibility has been established, but full power level has not been

demonstrated. Before full power can be demonstrated the following issues must be

resolved:

a.

b.

C.

d.

e.

f.

g.

EMI must be addressed

Packaging of power devices (Air Force is currently working on packaging)

Motor optimization

Flight current sensors

Single event upset
Start transients

Batteries.

Question

industry.

is needed.

2. FY 95 is feasible if funding and above questions are answered.

Must identify (EMI, performance, etc.) requirements and specifications.

In order to meet FY 95, there must be cost sharing between government and

On TTB hot fire demonstrations, a common TTB requirement for all vendors

a. Is TTB our most effective/realistic test?

b. Does it simulate flight profiles?

c. Could performance requirements be full demonstrated at vendor

facilities?

Each company should be allowed access to TTB/test fixture.

Government splinter session recommendation is demonstration at a common

test facility.

Question 3. NASA ELA System Design Handbook is not recommended. A system

requirements and specification document is preferred.

Question 4. Program office should show time and hardware commitments for ELA

hardware. Recommend cost sharing and Cooperative Research Agreements.

Question 5. Fly-offs should not be required. Requirements should be to meet

performance requirements at full power. System design should not be a factor, rather

system requirements.

Question 6. Next ELA meeting should be a full power demonstration (approximately 1

year from now with location yet to be selected).

5



6



ELA-TB WORKSHOP

ELA POWER SOURCE SYSTEMS

SPLINTER SESSION OUTPUT

OUESTIONS 1 & 2:

The PSS parameters/requirements needed by both NASA's ELA
Technology Bridging Team and PSS vendors for definition and design
are as follows:

- Power profiles which Include; base power, voltage limits, peak
power, total energy, rise times, regulation requirements, and
frequency/spacing of current pulses.

- Start transient loads.

- Ascent profiles/worst case scenarios from Flight Dynamics area.

- Corona and EM[ Specs and allowances.

- Redundancy and reliability numbers.

- Failure modes.

- Environmental requirements, acoustics, vibration, thermal, etc.

- Processing, handling, sheaf life, pad access, and activation.

- Regeneration tolerance.

- Propellant availability.

- Pre-launch check-out, start-up times, GSE availability and use.

- Load impedances.

- Data and documentation expected from vendors.

ELA PSS requirements that are specifically ELA demands
include; launch/flight environments, high current spikes, high
voltage, and rise times.

7



The Implementation of an ELA-TB consignment unit for PSS
development was decided to be non-advantageous to NASA ELA-TB.

The development of a power source simulator is a good Idea.
This type project Is currently underway with JSC's ELAPSS project.

 ams_tLo_aX 
A credible timeline can not be generated until more Power

Source requirements are defined.

9.1ar.aUam 
The Feb/Mar time frame was decided upon for the next

ELA-TB TIM. Requirement updates and technology advancements
should be the maln topics for the Power Source Systems session.

8
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.S_.ESSION IV, ELA OPERATIONS

October 1, 1992

OBJECTIVES - CONCURRENT ENGINEERING

* Need a representative hardware platform to drive out real operational

requirements and prioritize.

* Need operation environment for:

Feedback to designers (and researchers)

Safety design feedback

Realistic timelines

Validate/recommend changes to prototype OMRSD/LCC.

* Near term/mid-term/long-term approach to concurrent engineering.

IMPLEMENTATION

Two pronged approach:

1. Form process improvement and design improvement teams.

2. Consider utilizing SRB AFT skirt as platform to meet the objectives.

10
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ELA REDUNDANCY & HEALTH MANAGEMENT SPLINTER
SESSION

Don Brown/NASA JSC

1 October 1992

OBJECTIVES:

• Identify technology requirements associated with ELA redundancy
management (RM) and health management (HM) and those areas
that represent a potential high return on investment for Bridging

Program funds.

Technology shortfalls
Technology demonstrations
Tools and other support requirements

What cost : benefit metrics can we identify?

• Define the interfaces between ELA RM & HM and overall Integrated
Vehicle Health Management (IVHM),

• Identify proper relationship(s) between the following

technologies/disciplines:

Design for Testability
BIT/BITE

Boundary Scan
Smart Sensor technology insertion options
Sensor reduction/elimination (i.e, commutation support
sensors)

• Discuss recommended NASA approach to faulttolerance and RM for
actuators.

i.e. should a single EMA be used in a flight critical application?

What guidelines should drive selection of actuation technology,
i.e. EMA vs. EHA, PM DC vs. induction, etc.?

• Identify white paper products that would be valuable:

13



EMA vs. EHA selection considerations and criteria
Motor selection

Failure recovery approaches (i.e. lock-up vs. return to null)

PARTICIPANTS

MDSSC - Delta Launch Vehicle EMA
Univ. of Alabama - characterize roller screws and ball screws

R A Weir MSFC CDL

Aerojet
LeRC
LaRC - GN&C avionics I/F
Allied Bendix

Moog Boeing NLS TVC
Jack B NLS

Bill St. Cyr SSC
Fred H.

Good x-section of disciplines and interests.

APPROACH

Answer J Sharkey questions.
Identify significant omissions.

ELA requirements id and collection mechanism required. Support
immediate term, through demos, to long tenn. MSFC ELA
requirements Q FD (joint team in place). Focus is on NLS. Target
completion by February 1993.

0_1

Subsystem level maruri W is good - global strategies and

tools are still lacking. Integration of technologies is not
mature; the technology elements are.

White papers. Concentrate on the way we do fault management.
Concern on what audience would be. ELATB would collect, catalog
and publish. Don will generate a list of potential targets.

14



Standalone versus "cooperative" VHM approaches.

NIS says need integrating glue to transition from health monitoring
to IVHM. Elimination of unnecessary sensors; use data captured in
normal control signals, etc. LeRC has started this effort (university
supported study); would use excess controller processing power.

Realistic failure analysis/fault tree data required. - Follow up to Rae
Ann's data.

FOUR TRACKS FOR IVHM DEVELOPMENT

ARCHITECTURE

FLIGHT SUPPORT SYSTEMS (GROUND/FLIGHT)
TOOLS

ELA TECHNOLOGY is ready now - Boeing. Architectural decisions will
drive subsystem design philosophies. Work is required to tie
operations and development together. NLS says smart sensors have
option to do processing at lowest level but there must be reporting to
a central level to support launch processing, flight control. Local
analysis with avionics suite for coordination. This seems to be a
uniform approach.

FDIR and data requirements are different for ELV Vs reusable.

How much reliability is needed? Tied to human rating issues.

02

Boeing/Allied EHA - advantages of hydraulic bypass are undeniable.
Fail op/fail safe (return to null). No real RM demo has been offered
yet. How far down must we take redundancy? Should rotor shafts

and bearings be considered? What are credible failures? Up front
involvement of R&QA needed.

For 8 channel, they have had several failures and the system
continued to run. This is really used as a 4 channel device. The
motor shaft is common to all.

Trade between redundancy content and HM.

15



O.3

MAST approach is to not allow proprietary content. To date, there
have been no proprietary issues associated with ELA TB. Use of
vendor/contractor facilities and capabilities as appropriate is
desirable (in fact, mandatory). Networking of facilities would be
valuable and cost effective to support specific end-to-end test
objectives.

Would ELAPSS be a good asset for the CDL? There is nor a problem
in getting power for actuators (batteries, power suppIies). The
ELAPSS w411 never obviate final integrated system test requirement,
however.

Facility here will continue to be a place we use to demo items.
Proprietary issues should not be a problem. Do we need to address
EMI/EMC issues? Can ELAs and avionics devices share the same

power sources? Group seems to feel no.

0_4

Budgets are universally slim and getting slimmer. This includes

IRAD funding as well. Question exists as to where resources will
come from to "customize" ELA development to date to conform to

desired architectures and IVHM requirements. NLS seems to be the
only "carrot" out there. Maybe we should let aircraft people take (or
maintain) the lead for ELA development.

TTB I/F would be a good derno to "sell" ELA capabilities since we are
essentially proposing a replacement of something that does work.

O.,5

Papers and demo mix was good. Recommend continued emphasis on
demos in future TIMs and other forums.

Avoid having meeting span fiscal year transition!

16
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ASSEMBLY AND REFURBISHMENT

FACILITY (ARF)

MANUFACTURING BUILDING

LOGISTICS STORAGE AREA

FAC
ELEC BREAK

ROOM

_"-_B L MACHINE SHOP i

........................

STRUCTURES

REPAIR AREA

ORDNANCE

SHOP

BSM
INSTL
CELL

AFT SKIRT
AND TVC
BUILDUP

AREA

HIGH BAY

FORWARD ASSY BUILDUP AND QUEUEING

ACO TEST

STATION

FORWARD ASSY
SUBSYSTEM AND

ELECTRONICS
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ENVIRONLABTESTI

TPS PREPARATION

AND FINISH AREA

Fig 2.2.1.2.1-1
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Paper Not Available
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ELA/EMA Control with Resonant Power Processors

glINIIR A k, D Y NA MI¢;II
Spacm Syo_mmm Divieion

ELA/EMA System Elements

I Load I •

Actuator

Fixed force + inertia + rates +
acceleration - set primary
requirements

Rotary to linear conversion +
gear train for speed matching

Motor

PP/Control

JPwr.Source I

Prime mover - electrical to
mechanical conversion (several
AC technologies available)

• Control of motor speed,
direction, and output torque

• Energy storage (battery) or
conversion (machinery)
elements

The system in this discussion is a large servo-type hardware and software assembly typically
found in large launch vehicle TVC applications, or aerosurface control of large aircraft. It can
be broken into major elements according to the block diagram above.

The load is defined by the steady-state forces required to provide the actual movement and the
acceleration of the inertias of the masses to be moved. The dynamic responses are deemed by
the vehicle dynamics and the external forces acting on the vehicle. Loads are typically in the
25,000- to 50,000-pound range for an NLS-2 class vehicle.

Because of the short time allocated for this discussion, we have decided to provide a summary

of General Dynamics conclusions about the actuator, motor, and power processing and control
elements of the block diagram, along with the most important reasons for those choices. There
have been detailed presentations and demonstrations about these elements, with full
justifications for the selections. If you wish any of that data, please refer to the Bibliography
and the end of this data package.

Many power source options are available, because of high peak loads, they are usually sized
by the system peak power demands, and technologies having high specific power rather that
high specific energy are desirable. The choice between batteries and rotating machines is
usually driven by operations and test considerations.

This presentation will then focus on, and discuss the most important considerations driving
ELA/EMA system design, system inertias and how they drive the entire configuration and its
capability.
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ELA/EMA Control with Resonant Power Processors

m IINIIII_ A L DYNAMI_II

Space S,felwn# D/v/e/on

Actuator

Three primary system choices

o Ballscrew technology is well-established

o Rollerscrew technology has some performance advantages

o Electro-hydrostatic actuators are available where the "softness" of
hydraulics is still required

Motor and gear train Inertia is the most Important mechanical
parameter Tor TVC applications

o Normal gear reductions isolate the load inertia

o Design for maximum power transfer makes desirable for the two
inertias to be about equal

o These inertias are the primary driver for peak input power
requirements

• They size the power processor/motor controller

• They determine the energy source size and character

JWM - 3 $,lpm, 19112

Even though the required motions for most ELA's are rotary (engine rotation about its gimbal
point, control surface rotation about its root, etc.), vehicle physical limitations and form factors
usually require that the load be moved by a linear thrust. The actuator provides the conversion
from rotary motor input to linear output thrust. Rotary power requirements can typically be
between 25- and 75-horsepower for our applications.

Three primary rotary-to-linear thrust mechanisms under current use and consideration are listed
above. The mechanical "screw" technologies are straight forward.

Electro-hydrostatic, sealed, self-contained, single-actuator hydraulic systems can be
mechanically simple and solve many of the present distributed hydraulic system operability,
leak, and contamination problems. Since the motors and controllers that drive them are very
much the same whether or not variable speed and direction control are included, the most
efficient overall system design uses a variable- speed/direction controller, motor, and hydraulic

pump, and eliminates the complexities of servo valves, force amplifiers, and other fluids
hardware.

It's easy to design a small, high-speed motor/gear train system to drive the steady-state load, and
the resulting large-ratio gear system also reduces the reflected usual load inertias so that they
become small when compared to other inertias in the system. That means that the motor and
gear train inertias dominate the power requirements for inertia acceleration and bandwidth, and
the peak power input and peak-to-average ratio are fully under the TVC system designer's
control.
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ELA/EMA Control with Resonant Power Processors

q IINIIIq_A L I_IYNA MI ¢|

Space SystmrnR Divimion

Motor Type Characteristics

Common Name Stator Power Rotor Power AC Syntheses

• "Classical" DC DC AC, sq. wave Sliding contact,
mechanical, rotary switch
(commutator)

• "Classical" DC Magnet AC, sq. wave Sliding contact, mech,
mechanical, rotary switch

(permanent magnet) (commutator)

• "Brushless DC" AC Magnet External electronic switch
(permanent magnet)

• AC Induction AC Magnetically-coupled AC power source or
low-frequency, AC external electronic switch

• AC Synchronous AC AC, DC, or AC power source or
permanent magnet external electronic switch

• Switched Reluctance Sequenced Pulses None - rotor is External electronic switch
magnetic iron

JY,at4 - 4
sapNimba-, IIJP2

Motors used in modem systems are all AC types, often interfaced to DC power systems with power

processors to provide the appropriate input waveforms. The make up a class of so-called "brushless
DC" motors which can include any type of AC prime mover. Well-designed motors and actuators for
these applications typically require 25- to 50-horsepower for the constant load, and an equal amount

of power for acceleration of inertias.

The "classical DC" motors shown above are commutator types. The significance of this configuration
is that not even this age-old DC motor actually has DC in the internal fields that cause it to rotate. Its
rotor current is actually square-wave AC created by a mechanical reversing switch. That reversing
switch has a sliding contact system, mounted on the motor output shaft, and is made up of a
"commutator" and brushes.

The development of good power semiconductor switches and high-field magnetic materials allowed a
design which eliminated the commutator and brushes. It placed the constant field (produced by a
magnet) on the rotor, and switched the alternating AC field to the stator with external switch
networks, and we had the so-called "brushless DC" motor;, really nothing more than a permanent

magnet AC motor with an external switched, multi-phase inverter. When we supply this same motor
AC from the power system instead of DC, we eliminate the switches and call it a permanent magnet
AC motor, a small version of which we can find in analog electric clocks.

AC induction motors also eliminate the commutator and brushes, and supply power to create the

magnetic field on the rotor through transformer action. The transformer frequency is the difference
between the rotating magnetic field supplied by the stator and the actual speed on the rotor (the
"slip").

Switched reluctance motors use external switches to create a rotating magnetic field from the stator in
the same way as the original "brushless De" permanent magnet design. However, a notched, soft iron
rotor replaces the permanent magnets, and it follows the rotating field when the magnetic forces try to
minimize the reluctance of the magnetic path, in a way similar to a stepping motor.
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Control Parameter Comparison

Common Name Torque Speed Remarks

• "Classical" DC No independent control of torque end speed Input voltage controls
output power

• "Classical" DC No independent control of torque end speed Input voltage controls
(permanent magnet) output power

• "Brushless DC" Input voltage Frequency External electronic switch
Permanent Magnet network synthesizes

variable-voltage,
variable-frequency inputs
to mimic classical DC
performance

AC Induction Slip (rotor freq), Stator frequency
Input voltage & slip

External electronic switch
network synthesizes
variable-voltage,
variable-frequency inputs
for independent torque/
speed control

• AC Synchronous Input voltage Input frequency External electronic switch
(same as AC Induction)

• Switched Reluctance Input voltage Field rotation speed External electronic switch
(same as AC Induction)

If we want to control both torque and speed independently, The classical DC motors are not
really adequate. We only have control of the input voltage, and we get a constant power output
for a constant input. The product of torque (load) and speed is a constant for constant inputs. If
we increase the load, the speed decreases. The control seems simple. If we have a particular
load, we just turn up the voltage until we get the speed we want. But speed or torque are never
uniquely related to input.

At ftrst, brushless DC motors had power processors which mimicked the classical DC
characteristics, to reinforce the name "brushless DC". But if we have large motors (tens of
horsepower), "turning up" DC sources that are 100's of volts and/or 100's of amperes is very
undesirable. Therefore, switching regulator functions were incorporated into the control
algorithms for the stator switches, and we gained the ability to independently control torque and
speed through input voltage and frequency, respectively, with signal level inputs.

The power transferred to the induction motor rotor via transformer action is controlled by both
input voltage and the transformation frequency (the slip frequency). For a fixed voltage, the slip
changes to vary the output power and match the load. The difference in rotational speeds
between the stator field and the rotor is often about 3% to 5%, so the typical slip frequency for a
400-Hz motor would be about 20-Hz.

The switched reluctance motor is not unlike a stepping motor with regard to its control.
Windings distributed around the stator are alternately sequenced to produce a rotating field,
which "pulls" the magnetic iron rotor along, trying to minimize the reluctance of the motor air
gap. Like the classical brushless DC, the input voltage controls the air gap flux (field strength)
and the frequency of rotation controls the speed.
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Motor Selection Summary

• Optimized motors from all the candidate classes have about the
same mass and volume for the same requirements (peak outputs are
in the 3-HP/Ib. range)

• Basic control parameters are similar for all the candidate classes
(motors are multi-phase and we must have independent control of input
voltage and frequency)

• Feedback for torque and speed control Is simplified for Induction
motors (speed feedback vs. accurate rotor position for other types)

• Modern control algorithms give Induction motors dynamic
advantages for servo systems ("field oriented control" provides
optimum response)

• Induction or switched-reluctance motors significantly simplify the
mechanical designs of redundant systems (eliminate the requirement
to decouple an inactive/failed motor)

General Dynamics Is focussing on induction motors for ELA/ in
EMA development and Implementation |

JWM - 6 $qmwm_r, _J82

The choice of "best" motor for high-power TVC applications cannot be made using the usual
trade study approach, since all the usual trade parameters (mass, volume, cost, etc.) are close
enough to each other for the primary candidates to make them non-discriminators. Even if they
were significantly different, the are small compared to the rest of an EMA TVC system, and do
not significantly influence system technology choice. The control algorithms and the design of
the power output stage are also about the same for all three types. Even the somewhat easier
feedback handling for the induction motor is still not enough to make it an obvious choice. So
other considerations lead us to choices for specific applications or power ranges.

The "slip" power transfer relationship makes the induction motor significantly more robust in
terms of load changes. For example, when our optimized Sunstrand induction motor is operating
at full speed and its most efficient operating point, it has about 2% slip (14, 700 RPM). If its load
were doubled, the slip would increase to about 4% to transfer additional output power and the
speed would decrease to only 14,400 RPM. A permanent magnet Brushless DC assembly under
the same conditions would decrease its speed from 15,000 RPM to 7,500 RPM (half speed), and
the switched reluctance motor would stall; until the controller could increase the input to match
the new load.

The biggest discriminator has to do with redundant systems, where multiple motors are used to
drive a load. If there is a short circuit failure in a motor or its controller, the fixed magnetic field

in the permanent magnet rotor makes that motor type function as a generator, supplying power to
the fault, and loading the system. If the system is to work properly after one such failure, the
remaining motor(s) must provide enough excess power to both drive the real load and the fault
load, or the faulted unit must be mechanically decoupled. This added complexity is sufficient to
disqualify permanent magnet motors (in the brushless DC design) from use in redundant systems.
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Controller Operational Definition

The controller/power processor must provide the following
primary functions:

• Synthesize a multi-phase AC waveform appropriate to
running several AC motor types

('There is no such thing as a DC Motor')

• Provide variable frequency for speed control

• Provide Independent variable voltage/current for output
torque control

In TVC applications, It must also:

• Provide closed-loop output position control in response to
guidance steering commands

JWM. 7
$_, I#92

The power processing and control block provides all the above functions. The power
processing/inversion function is obvious if we have AC motors and DC power sources.
But in addition to that interface function, we must also control speed and output torque.
We have already discussed the desirability of independent control of those quantmes.

In addition, typical TVC control loops provide provide engine position control for the
outermost loop, in response to steering signals from the guidance and vehicle control
function. Good system design demands that we add the additional position control
functions into the controller, providing a variable rate/position loop, with rate proportional

to position error.

Because of high out-put powers, high efficiencies and low losses are important to the

problem of thermal control in flight.
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Power Processor / Controller Selection Summary

• Resonant power processing technology, with pulse-population
control, is the only choice for high power systems

• Highest efficiency / lowest losses -
M!nimize power source requirements
Simplify thermal control

• Natural commutation minimizes power semiconductor stresses, and
maximizes reliability and robustness

• Controlled, single-frequency sine wave power minimizes EMI and
noise

• Designs are available for both AC and DC power sources and
distribution systems

• Resonant power processing technology Is applicable to synthesize
the required waveforms for all candidate motor types

[ General Dynamics is focussing on resonant power processors/ ]l
motor controllers for EHAJEMA development and implementation

JWM- 8 $_m.bm', I$$2

Resonant power processing has so many advantages, that it would be hard not to select it for
high-power applications. The only "con" is the fact that it has not been widely used in our
industry, and designers are not as familiar with the technology. For low power applications of
motor control (in the limits of much of our present experience) the issue does not have much
effect on overall system performance. We can easily remove the heat from a small amount of
extra power lost to efficiency, and the effect on energy sources can also be small. A little bit
of added high-frequency noise can be filtered, also with little overall system impact.

But these "annoyances" in small systems become major problems in large ones. Going from
10% losses to 5% losses in a 50-KW/50-HP system eliminates 2500-watts that the batteries
don't have to supply and the thermal control system doesn't have to accommodate. Clearly,
these considerations are no longer negligible for a launch vehicle or aircraft.

Since the two primary motor controller implementations (switched-mode and resonant power
processing) both synthesize low-frequency motor currents, they may be selected on their own
merits, and not impact the motor interface. Resonant power processing is the obvious choice,
for the reasons shown above.
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The most important factor
influencing EMA TVC design

is
Motor and Actuator Inertia

JWM-9 sgpmm_a-, _9_12
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Design Driver Flow

I Engine'_
System | .......................................................r

. f sow., 11
[ Engine/ k :_" St_y-"_ f Motor/ _ , CapabilityIll Processor II state • /Actuator • , • - ,,

J,/Size/De*onVehic*"l• = I_;u__l-_/__z._ I 1

[ Il Dynamic _ E I
/ Response II

/r f o" r.n--.,/ Storag. •

I.,_/ Accel.eration l_/ Actuator JJ--------J

This flow diagram is designed to show the interrelationships between the various elements from
which EMA TVC requirements are derived; and the constrained end product of an EMA

implementation.

At the far right are the output products which have the strongest constraints. They are discussed
in more detail on Page 12. However, it is obvious that we would like to control the rest of the
system to minimize peak power requirements.

On the vehicle requirements side, payload, environment, physical mass and volume, and
dynamic response are the base sources for the actuator s_e and power requirements. But it's the
mass acceleration side of the path that has the biggest impact.

For most actuator designs, the large effective gear reduction involved will make the effect of
accelerating the engine system mass small when compared to the moments of inertia in the
motor rotor and the actuator. About the best we can do is make the vehicle total load and the

motor/actuator inertia effects about equal. And if we don't optimize the motor and actuator from
a moment of inertia point-of-view, we can easily fred an EMA for a 25-horsepower vehicle
requirement requiring a 100-horsepower equivalent power input.

Since they are so highly-leveraged, it is fortunate that we have full control over motor and
actuator moments of inertia and matching. But also, since they are so highly-leveraged, they are
the elements with which we must take the most care, when we design them.
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Primary Design Drivers

• Acceleration of system inertias drives peak power requirements

• Step function response and bandwidth size transient drive torque
capability

• Input power is proportional to drive torque

• Motor and gear train Inertia have the greatest effect on peak power
requirements

• Maximum efficiency for power transfer dictates equal power
allocations for the load and the inertia

• Load inertias are small contributors, when reflected to the input
through the mechanical advantage of the gear train

• Maximum efficiency for power transfer dictates equal inertias for
the motor and gear train

• Non-optimum designs can have peak powers that are four times
the steady-state power

J',Wi_ ° TI ,_, 11)02

Physical vehicle component parameters and vehicle dynamics are the base sources
for the TVC system requirements. Thrust loads, gimbal bearing friction, feed system
constraints, etc. determine the steady-state loads against which the actuator must
push or pull. When we add the inertia of the movable masses in the engine system,
and how fast we must accelerate them, we can size the actuator and its performance.
For example, on NLS, the worst case generates a requirement for a 32,000-1b linear
thrust and 32-horsepower if the rates are included. Motor and actuator steady-state
mechanical losses are comparatively small (probably less than 5%).

But if we consider the power to accelerate the actuator masses and the motor rotor,
we find that its difficult to get them down to 32-horsepower. And if we were to use
conventional aerospace PM motor designs, it would not be unusual to get the
acceleration power requirement to 100-horsepower by itself; making the total peak
input exceed 130-horsepower, for a 32-horsepower system.
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Primary Design Limitation Factors

• Even with modern power processing technology and
components, systems are prlmarlly/Imlted by "flyable" power
processing capability

• Component limitations

• Thermal control capability

• Energy storage elements for these applications are primarily
sized by peak power demands

• Battery size or rotating machinery drive components both
impact vehicle design

• Motor Input power capability limits frequency response and
step response

Power processing capability is limited by the capability of the flight-capable technology
currendy available in our industry. Signal processing and control capability is more than
adequate. But if we look toward power processing components, IGBT's are the most
promising, and even they are at their best in the newer resonant circuit topologies. While
larger units and parallel controllers are possible, practical equipment design considerations
push us toward trying to keep system peak powers below 100-horsepower.

When the energy storage requirements get large (to provide very high peak powers), the
mass and volume of batteries get large enough to impact vehicle design. If we choose
turbine-driven alternators for greater physical efficiency, the fluid systems to run them add
complexity, impact propulsion system design, and compromise operability.

Finally, since input power capability limits torque and actuator acceleration, frequency
response and step response are also limited. While our vehicle dynamics analyses have
shown that an NLS-type vehicle only requires a 2-Hz system response (and that is no
problem), higher bandwidth systems will allow us to have active control of stiffness and
damping, to control vehicle high frequency effects.

The bottom line says the we would like to design EMA TVC hardware with low transient
power requirements.
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Summary

• Resonant power processors / motor controllers are the best choice
for high-power ELA/EMA's with both DC and AC sources

• Induction motors are best for redundant, high-power, TVC
assemblies

• Power capability is the limiting factor In ELA/EMA performance

• Step response

• Frequency response and bandwidth

• Motor/actuator inertia Is the single most Important (and often
neglected) mechanical design parameter for Integrated high-power
TVC systems

JWM.13 m, 11192

Notes:
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JOHNSON CONTROLS BATTERY GROUP INC.

:i:i

BIPOLAR LEAD/ACID BATI'ERY

NASA ELECTRICAL ACTUATION

TECHNOLOGY BRIDGING

WORKSHOP

AT

MARSHALL SPACE AND FLIGHT CENTER

HUNTSVILLE, ALABAMA

SEPTEMBER 30, 1992

PRESENTED BY

WILLIAM O. GENTRY _:_

DOUGLAS C. PIERCE i::::

5::

!i:iiii:!:_:. .:::.::::.S_:
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Johnson

Controls,

Inc.

Johnson Controls, Inc.

Controls | Facility Management

$1.8 Billion g Temperature Control

Automotive Seating Systems

$1.2 Billion In North America & Europe

$4.6 Billion
Revenue

Plastics

$800 Million

Beverage Containers

Molding Systems & Tooling

Plastics For Automotive

Profitably Growing

In Four Major

Groups i $TSl:tteM:_l:°n I

B.attery I A,,,,,,,-m_ ,;,,,- I I Battery I

Engmeer'ng l ............. l[ DivisiO__

• Vertical

Integration

• Quality
Control

• Other

Chemistry

& Systems

- NicKel Hydrogen
- Zinc Ilromlne

- Ill-Polar Load Acid

• Leader In

• World Class Technology &

Modeling, Testing Research

Analytical • 13 N.A. Plants
ervice

• Largest N.A.
Supplier
- clvysl_
. r.o_l Motk_
. tntenltale kzflery
. Seen DieHczx:l
- Walrnad

• Large Scale

Wisconsin
Plant

• Supplier Of
Sealed &

Wet Special-

ty Batteries

- North America

- Europe
- Export

• Cost Control

387



MONOPOLAR AND BIPOLAR CURRENT PATH SCHEMATICS

MONOPOLAR CONFIGURATION

TWO CELL ! 4-VOLT SYSTEM

CURRENT FLOW

CELL 1 CELL 2

II I

BIPOLAR CONFIGURATION

TWO CELL / 4-VOLT SYSTEM

CURRENT FLOW

BIPOLAR
SUBSTRATE

"T" "1
CELL 1 CELL 2

388
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,..i::'

.:_i!_..... _iiiii
.!:!"

iili BIPOLAR LEAD/ACID ADVANTAGES

iiii PROVEN LEAD-ACID CHEMISTRY

!i -

- SHORTER CURRENT PATH ,.
LOWER INTERNAL BATTERY RESISTANCE

- REDUCED WEIGHT AND VOLUME

+:

:i:i_'i - SUBSTANTIAL POWER ADVANTAGES OVER MONOPOLAR

:!:i

:i:i - " 100% INCREASE IN POWER DENSITY FOR QUASI
:i:i
;+

;iii -' 140% INCREASE IN POWER DENSITY FOR TRUE
:i:!

_ - "'75% INCREASE IN SPECIFIC POWER FOR QUASI ....

il;i
iii:: - *'150% INCREASE IN SPECIFIC POWER FOR TRUE _:_r

- MEANS OF VARYING STACK VOLTAGE WITHOUT RE-TOOLING
!ii!
!i

- PACKAGING FLEXIBILITY

_!ii ili

;!iii.... i,

......................................................,::::::..:............................,,.......................................................,........................................................:::::::::::::::::::::::::::: ...............................................•
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BIPOLAR BATTERY COMPARISON

FOLDED BIPOLAR PLATE

POSITIVE ACTIVE MATERIAL SIDE

NEGATIVE ACTIVE MATERIAL SIDE

FRAME
PLASTIC

SUBSTRATE

MATERIAL

EXPANDED LEAD

GRID MATERIAL

GRID / SUBSTRATE

INTERFACE SEAL

TRUE BIPOLAR PLATE

POSITIVE ACTIVE MATERIAL SIDE

NEGATIVE ACTIVE MATERIAL SIDE

FRAME PLASTIC POSITIVE / NEGATIVE

SUBSTRATE INTERFACE

NEGATIVE SUBSTRATE

MATERIAL
POSITIVE SUBSTRATE

MATERIAL

391



!.

,.,_,'.',°"":°'":';">':t,";"_:">"_'_' ..... :Ii'":_":::: ::::::::::::::::_::_:_':'_'.'_:_::_::::.'_'_:::::_::_:::::::_::_:::_5::::::5_:_._':_: "_-_:_::_:_:,_,'-:-e-,_',_:_::":_'::;:::_:_:: _::::_:;:_:_:::::::_:::_:::_::::::::::::_::::::::_:::t:::::::::'::::_::::.:,: .. .

TRUE/QUASI BIPOLAR COMMON POINTS

LEAD-ACID TECHNOLOGY

FRAME DESIGN

ASSEMBLY TECHNIQUES

!_!_!!i!:.

:!i!iiii:

5::

iiii
{!i

ii!i
::5

iiii

i:i:
:?i

}il
{:!"

iiii

- IR WELDING

- VIBRATION WELDING

ACTIVE MATERIAL

SEPARATOR

FORMATION AND ACID FILL TECHNIQUES

TERMINATION DESIGN

INITIAL CONTAINMENT DESIGN

S'

:i:}
::i?



TRUE/QUASI BIPOLAR DIFFERENCES

R_SERT MATERIAL

- QUASI- FOLDED LEAD GRID ELECTRODE

- TRUE- COMPOSITE TRUE BIPOLAR SUBSTRATE

- MANUFACTURABIL1TY

FAILURE MODES

QUASI- GRID CORROSION, FOLD SEAL LEAK

TRUE- ACTIVE MATERIAL DEGRADATION

CELL SPACING AND CELL SIZE WILL BE SMALLER IN TRUE BIPOLAR

HIGHER PERFORMANCE CHARACTERISTICS IN TRUE BIPOLAR

SMALLER MASS, SMALLER VOLUME



.::!_iii:>

'%::

JCBGI QUASI BIPOLAR STATUS :!_iiiii:

CURRENTLY HAVE TWO DIFFERENT SIZE PLATES: 520, 940 cm 2

DEMONSTRATED 30 SEC AVERAGE POWER OF 210 W/kg at 80% DOD

DEMONSTRATED HIGH SPECIFIC POWER: 1.5 kW/kg FOR 12 SECONDS

DEMONSTRATED OVER 100 CYCLES AT TWO INDEPENDENT LOCATIONS

BUILT NINE 430 VOLT BATTERY STRINGS

INCREASED PRODUCTION FROM FIFTY 12 VOLT BATTERIES PER YEAR

TO THIRTY 40 VOLT BATI'ERIES PER WEEK

INCREASED FORMATION SUCCESS RATE FROM 10% TO 80%

CONTAMINATION DURING PROCESSING HAS CAUSED CYCLE LIFE

PROBLEMS
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:::i_:_ "'::::::,:.:.

....!i_i

iii! POROSITY IN PLASTIC COMPOSITES ili!ii

iiii

iiiii!ii HIGH FILLER LOADINGS LEAD TO POROSITY i!ii

ii DIFFICULT TO PREVENT i!il

iili

-PROCESS/PRODUCT INVESTIGATIONS ilii!

iii!

ii! RESIN IMPREGNATION OF POROUS COMPOSITES i!ii!i

ii COMPRESSION MOLDING IMPROVEMENTS
i!i!

i LOWER FILLER LOADINGS THROUGH BETTER DISPERSIONHIGHER CONDUCTIVITY FILLERS

fill

iil, •
:iil)!/:!::

'::i!?!:: ::?
• .:!::. ::.S
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i!ii!' JCBGI QUASI BIPOLAR FUTURE WORK
::::

ELIMINATE MATERIAL PROBLEMS THAT HAVE CAUSED CYCLE LIFE

PROBLEMS THROUGH HIGH LEVELS OF CONTAMINATION

DEMONSTRATE 100 CYCLE CAPABILITY ON 20 CELL BATTERY AND A

200 CELL STRING

OVERCOME CELL INCONSISTENCIES WHICH LIMIT BATTERY

PERFORMANCE

DEVELOP A RECHARGE REGIME THAT WILL ENSURE UNIFORM

CHARGING OF HIGH VOLTAGE STRINGS

LARGER DATA BASE IS NEEDED

REFINE ACID MANAGEMENT SYSTEM TO PERMIT A TOTALLY CLOSED

SYSTEM

IMPLEMENT RECENT DESIGN MODIFICATIONS
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TRUE BIPOLAR ADVANTAGES

::i::-.

"r:::.

2"

LOWER INTERNAL RESISTANCE THAN QUASI BIPOLAR

SHORTER, MORE UNIFORM CURRENT PATH

LARGER ACTIVE AREA

SUBSTANTLAL VOLUME AND WEIGHT SAVINGS

HIGHER POWER APPLICATIONS QUASI

2 ¸

i_ii
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i:i:

iiii

ilii

ilil
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i!ii
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!iil
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iiil

- LOWER LEAD CONTENT: LOWER MASS

IMPROVED MANUFACTURABILrI'Y

ELIMINATES PRESENT FAILURE MECHANISMS

- LEAD GRID CORROSION ON CHARGING

- FOLD SEAL LEAKS

CONTAMINATION
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TRUE BIPOLAR DEVELOPMENT

POSITIVE SUBSTRATE COMPONENT DEVELOPMENT

- ELECTROCHEMICAL STABILITY AT POSITIVE POTENTIALS

- HIGH CONDUCTIVITY

NON-POROUS

MA2ffUFACTURABLE

HUNDREDS OF MATERIALS HAVE BEEN SCREENED: FEW

QUALIFIED

POSITIVE SUBSTRATE COMPONENTS HAS BEEN IDENTIFIED

- IMPROVE CONDUCT/VITY OF MATERIAL

- OPTIM/ZE COMPOUNDING PROCEDURES
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,:: TRUE BIPOLAR DEVELOPMENT "i!_.

- NEGATIVE SUBSTRATE MATERIAL ALREADY IDENTIFIED

- STABLE AT NEGATIVE POTENTIALS

- HIGHLY CONDUCTIVE

- NON-POROUS

- EASY TO MANUFACTURE

- NOT STABLE AT POSITIVE POTENTIALS

NO MATERIAL HAS BEEN IDENTIFIED THAT IS STABLE AT BOTH

ELECTRODES

INTERFACE BETWEEN POSITIVE AND NEGATIVE

- PROTECT NEGATIVE FROM PosrrlVE POTENTIAL AND POSITIVE

FROM NEGATIVE POTENTIAL

- MAJ2qTAIN CONDUCTIVITY WITH EACH SIDE
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Si

JCBGI TRUE BIPOLAR DEVELOPMENT

FOR WPAFB

::i!_?!:.

'!i?.

A 270 VOLT BATTERY SYSTEM IS TARGETED FOR THE MORE ELECTRIC

AIRCRAFT

DEVELOP A LEAD-ACID TRUE BIPOLAR SUBSTRATE WITH THE

FOLLOWING GOALS

0.025" TOTAL SUBSTR.ATE THICKNE, SS

< 2 ohrn-cm RESISTIVITY

400 crn 2 ACTIVE AREA

- < 150 mg/cm 2 AREA DENSITY

DELIVER TWO INTERIM TRUE BIPOLAR BATTERIES. A 54 VOLT

BATTERY IS SCHEDULED FOR DELIVERY I_ AUGUST 1994.
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PERFORMANCE MODELING

CONDUCTIVE FILLER DEVELOPMENT

POROSITY CONTINUES TO BE A PROBLEM

ORDERED AN ENHANCED COMPRESSION MOLD

RECEIVED CONDUCTIVE FILLER 12WPROTOTYPE SIZED BATCHES

ALLOWS FOR LARGER COMPOUNDING TRIALS

CAN BE USED IN NEW COMPRESSION MOLD

INTERFACE MATERIAL HAS BEEN IDENTIFIED
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i i iii
- STATISTICALLY DESIGNED COMPOUNDING TRLA_ TO OPTIMIZE !ii?

LOADING LEVEL

iiii i,i
i TEST DIFFERENT PLASTIC RESINS iii!

ilii USE MATERIAL FROM COMPOUNDING TRIALS IN COMPRESSION MOLD

iiii
i STABILITYTESTTO QUALIFYNEW FORMULATIONS
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Advanced Battery Characteristics

for ELA Applications

Johnson Controls Bipolar Lead/Acid Battery

QUASI BIPOLAR TRUE BIPOLAR

1.0-2.15 V/cell 1.0-2.15 V/cell

2 V/cell 2 V/cell

1.2.2.1 V/cell 1.2-2.1 V/cell

NA NA

as needed as needed

1000 amps; 15 sec 1500 amps; 20 sec

0 to 1000 amps 0 to 1500 amps

max 1.2 A/cm 2 max 1.5 A/cm 2

38 44

0.253 0.088

1.2 kW/cell; 15 sec 1.8 kW/cell; 20 sec

NA NA

1.5 to 2.0 3.0 to 3.5

90 Wh/cell 120 Wh/cell

100+ 300+

2.15 V/cell 2.15 V/cell

Lead;Acid Lead;Acid

-30 to +65 -30 to +65

3 hours; weeks 2 hours; weeks

15 Ah; 940cm 2 20 Ah; lO00crn 2

0.85 kg/cell 0.60 kg/cell

6 3

Output Voltage

Nominal Voltage

Plateau Voltage

Voltage Rise Time (delay)

Average Current

Maximum Pulse Current

Rated Discharge Current

Current Density

Specific Energy (Wh/kg)

Inverse Power Density (L/kW)

Maximum Pulse Power

Transient Response Time

Specific Power (kW/kg)

Total Energy Storage Capacity

Cycle Life

Open Circuit Voltage

Safety Issues

Thermal Operating Range (C)

Charging Time; Retention

Capacity

Mass

Stage of Development
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FLYWHEEL ENERGY STORAGE

ASSEMBLED SYSTEM

SYSTEM
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Hub

A
3.5 "

20" diameter

Y Flywheel

/
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Figure 1 Flywheel on Hub
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INDUCTION-MACHINE/FLYWHEEL ENERGY STORAGE SYSTEM

Objective: Design flywheel energy storage system based on
induction machine to interface with 20 kHz pulse-
density modulation (PDM) converter.

Specifications: Usable energy

Peak output power

Output power risetime

Average output power

250 kJ

36 kW

1 kW/mSec

4 kW

Goals: Efficiency (round trip)

Power density

Energy density

Absorb energy at 40 kHz

80%

2 kW/kg

100 kJ/kg

Low machine loss with PDM waveform

High-efficiency machine-control algorithm

SatCon Technology Corporation

455

V036-3-91



FLYWHEEL ASSEMBLY LAYOUT

Motor-Generator Stator RetaJnlng Nut Pre_oacttngNu_ Closing Panel

t- t._.; i -"e_ \\\\\\" \\\\\\\\\''\\\ "_-/
Housing Side Wall Shaft / !! Main HOusing Base

SIZE: 12 inch diameter X 4 inch height

SatCon Technology Corporation V036-6-91
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BASELINE SYSTEM WiTH DC PRIME SOURCE

PRIME
POWER

VOLTAGE PARALELL-OUTPUT ] f_,
SERIES RESONANT '_

REGULATOR CONVERTER I i

t

[ FLYWHEEL
L_

.|
INDUCTION]MACHINE

PULSE-DENSITY I
MODULATION

CONVERTER

CURRENT

_'--'I REGULATOR

20 kHz DISTRIBUTION BUS

I

SERVO _ PULSE-DENSITYMODULA_ONREGULATOR CONVERTER

A

MECHANICAL

FEEDBACK

I INDUCTIONMACHINE
, I

I
ACTUATOR I

t i

SatCon Technology Corporation V036-21-91
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INDUCTION-MACHINE/FLYWHEEL ENERGY STORAGE SYSTEM

Objective: Design flywheel energy storage system based
on induction machine to interface with 20 kHz

pulse-density modulation (PDM) converter.

Specifications: Usable Energy

Peak Output Power

Output Power Risetime

250 kJ

36 kW

1 kW/mSec

Goals: Efficiency (round trip)

Power Density

Energy Density

Absorb energy at 40 kHz

8O%

2 kW/kg

100 kJ/kg

Low machine loss with PDM waveform

High-efficiency machine-control algorithm

SatCon Tecnnology Corporation

458
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SUMMARY

SPEED 24,000 RPM

MASS 22 kg

VOLUME 450 cubic inches

ROUND-TRIP EFFI CI ENCY 85%

VACUUM 16 torr

TEMPERATURE RISE 15K

SatCon Technology Corporation VO 36 - 12 -91
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